The electrical conductivities of 1-alkyl-3-methylimidazolium tetrafluoroborate ionic liquids and of 1-hexyl-3-methylimidazolium ionic liquids with different anions were determined in the temperature range between 123 and 393 K on the basis of dielectric measurements in the frequency range from 1 to 10 7 Hz. Most of the ionic liquids form a glass and the conductivity values obey the Vogel-Fulcher-Tammann equation. The glass transition temperatures are increasing with increasing length of the alkyl chain. The fragility is weakly dependent on the alkyl chain length but is highly sensitive to the structure of the anion.
I. INTRODUCTION
Ionic liquids ͑ILs͒ have been in recent years the subject of growing research activities because of their interesting physical properties ͑high electrical conductivity and very low vapor pressure͒ and their potential as designer solvents for catalytic and chemical applications. [1] [2] [3] [4] By definition, ionic liquids are organic salts with a melting temperature below 100°C. They have a strong tendency to form supercooled melts. The polarity, dielectric constant, electrochemical window, and electrical conductivity are important physical properties which determine whether an ionic liquid is suitable for a given application.
Some classes of ionic liquids are good glass formers. On cooling, the supercooled melt has no tendency to crystallize, but rather it vitrifies. Since ionic liquids exhibit a rich structural variety, a systematic study of the relation between glass formation and molecular structure may improve our understanding of the complex mechanism of glass formation in molecular compounds.
Systematic series of ionic liquids have been synthesized and studied in the past. Examples of such work include Ref. 5 , in which a series of 1-butyl-3-methylimidazolium ionic liquids with different fluorinated anions is studied, and a broad range of physical properties have been studied. However, the measurements, except for differential scanning calorimetry ͑DSC͒, did not extend below −10°C, thus far above the glass transition region. The same authors also investigated the influence of the length of the alkyl chain in a series of 1-alkyl-3-methylimidazolium bis͑trifluoromethyl-sulfonyl͒imide ionic liquids, under the same experimental circumstances. 6 Conductivity data for a number of 1-alkyl-3-methylimidazolium tetrafluoroborates that extend to somewhat lower temperatures ͑−20°C͒ have been reported. 7 Vogel-Fulcher-Tammann ͑VFT͒ parameters have been extracted from these data. Another extensive study of the glassforming behavior of ionic liquids was given by Xu et al., 8 who compared conductivity and viscosity data and discussed the glass transition temperature in terms of the interionic interaction. The general image that is put forward by these studies is that the ionic mobilities, which largely relate to the electrical conductivity values, are strongly influenced by the exact nature of the interaction between anions and cations. This interaction is built up from the Coulombic interaction between the charges of the ions and the van der Waals interaction between the induced charges in the ions. The exact nature of this interaction then depends on properties such as the structure of the ions, their polarizability, and the possibilities for hydrogen bonding. However, a full understanding of these interactions is not yet achieved. In this paper, dielectric spectra of different ionic liquids are determined and by properly taking into account the effect of electrode polarization, the temperature dependence of their dc conductivity values is extracted. In comparison with the works cited above, we extend the conductivity curves to much lower temperatures, attaining values close to the glass transition temperatures. In particular, we investigate the dependence of the glass transition temperature ͑values obtained from the VFT curves and confirmed by DSC measurements͒, the dynamic fragility, and other parameters derived from the VFT curves on the alkyl chain length of the homologous series of 1-alkyl-3-methylimidazolium tetrafluoroborate ionic liquids, ͓C n mim͔͓BF 4 ͔, where n = 2 -11. In order to determine the influence of the anion on the glass formation, a series of 1-hexyl-3-methylimidazolium ionic liquids with different anions are investigated as well. 
II. EXPERIMENTS
The 1-alkyl-3-methylimidazolium tetrafluoroborate ionic liquids ͓C n mim͔͓BF 4 ͔ with an even number of carbon atoms in the alkyl chain ͑n =2, 4, 6, 8, and 10͒ were purchased from IoLiTec ͑Ionic Liquid Technologies, Germany͒, whereas those with an odd number of carbon atoms ͑n =3, 5, 7, 9, and 11͒ were synthesized by a metathesis reaction between the corresponding bromide ionic liquid and sodium tetrafluoroborate in acetone. After filtration, the acetone was removed on a rotary evaporator. The product was then again dissolved in dry acetone and stored for 12 h in a freezer at −20°C. All precipitates were removed after that by filtration. After removing the acetone by evaporation, the ionic liquids were dried under vacuum at 80°C on the rotary evaporator. 1-hexyl-3-methylimidazolium bromide, ͓C 6 mim͔Br, and bis͑trifluoromethylsulfonyl͒imide, ͓C 6 mim͔͓Tf 2 N͔, were prepared as described in the literature. 9 1-hexyl-3-methylimidazolium tris͑pentafluoroethyl͒trifluorophosphate, ͓C 6 mim͔͓FAP͔, was provided by Merck ͑Darmstadt, Germany͒. The structures of the more complex ions are shown in the inset of Fig. 4 .
We did not perform additional purification steps before the measurement for the commercially obtained compounds. The ILs were taken out of the bottle and immediately transferred to the sealed measurement cell, with practically no exposure to air. Since the bottles were not opened before, factory values for purities applied. For the other compounds, water content and halide content were determined. The values have been summarized in Table I .
The halide content of the in-house prepared samples was tested by the silver nitrate test. An aliquot of the ionic liquid was mixed with water and some drops of a 0.1M AgNO 3 solution were added. None of the samples gave a positive test, corresponding to a halide content below 200 ppm.
For the water content, we do not have the actual values at the time of the measurement, and Karl-Fisher titration was performed only several months after the measurement. For the IL that we synthesized ourselves, we performed first a titration on the IL as it was found in the bottle. After that, we dried these ILs in the same way as they were dried after synthesis and performed again a titration. Comparison indicates that the ILs took up a ͑mostly limited͒ amount of water during storage after the measurement. However, the measurements took place shortly after synthesis and drying, which makes us conclude that the water content at the time of the measurements was below 1000 ppm and probably even lower, close to the values we give here for titration after drying. For the other ILs, the titration shows that they did not take up any important amount of water compared to the mea- surement results provided by the supplier, indicating that these supplier values still applied at the time of measurement. The thermal stability of the samples during the measurement was a priori not considered as a problem, since the used ILs are known to be rather stable and the temperature range was limited to 120°C. The samples were visually inspected after measurement for color changes that might indicate decomposition; however, no color change or other effect of degradation was noticed.
Dielectric measurements were performed by a Novocontrol Alpha analyzer in combination with a Novocontrol Quatro temperature controller. The sample was placed in a sealed stainless steel parallel plate capacitor of 17 mm diameter and 0.5 mm thickness. The data were analyzed in terms of the dielectric permittivity ⑀ * = ⑀Ј− i⑀Љ, from which the imaginary part gives the conductivity , as for pure Ohmic conduction ⑀Љ= / ͑⑀ 0 ͒, with ⑀ 0 the permittivity of vacuum and the angular frequency of the applied electric field. For the data analysis, those regions in the measured ⑀Љ were selected where the slope of log ⑀Љ versus log was −1 Ϯ 0.02. Then, the values of were determined locally and finally, these numbers were averaged, resulting in the values presented in this work.
This approach is in contrast to most other dielectric works in the literature. Several works have been devoted to the determination of the static value of the dielectric permittivity; [10] [11] [12] [13] [14] [15] however, this requires much higher measuring frequencies than used in this work. Some researchers have also performed dielectric work in the same frequency range, but they have interpreted their results mainly in terms of the dielectric modulus [16] [17] [18] or focused on ␤ relaxations. 19 Glass transition temperatures ͑T g ͒ were obtained from a standard DSC experiment. Aluminum sample holders were placed in a Q1000 from TA Instruments. The glass transition temperature was determined as the value of the inflection point of the heat flow determined in a 10 K / min heating run.
III. RESULTS AND DISCUSSION
In Fig. 1 , the real and imaginary parts of the complex permittivity of ͓C 7 mim͔͓BF 4 ͔ as a function of frequency at 248.15 K are presented. The high frequency part of ⑀Љ, indicated by Cond in the figure, is the part of the spectrum dominated by the dc conductivity, showing as a straight line with slope of −1. At lower frequencies, a shoulder is present, after which again a linear behavior is visible, at a slope of less than −1. The real part is dominated by electrode polarization below about 2 kHz, indicated by EP. The strong increase flats off after the peak in the imaginary part, and a region starts where the phase angle is nearly constant ͑CPA͒. The inset shows the frequency dependence of the conductivity. In this representation, three regions can be identified: The region of electrode polarization ͑EP͒, the region where the dc conductivity should be determined ͑Cond͒, and the region of subdiffusive conductivity ͑SD͒. 20, 21 This is a prototype spectrum for all ͓C n mim͔͓BF 4 ͔ ILs at these temperatures and up to 393 K. The increase in ⑀Ј caused by the electrode polarization and the corresponding peak in ⑀Љ shift to higher frequencies with increasing temperatures; the later lies typically at around 100 kHz at room temperature.
For comparison, we have compiled in Table II a number of literature values for the electrical conductivity of different compounds included in this study. In general, our values are consistent with those given in the literature. Small deviations can be explained as follows. Since the conductivity values are sensitive to temperature variations, differences in thermometers or temperature stabilization may already explain part of the difference. Also, small uncertainties in the cell constant ͑or in our case, the geometry of the parallel plate capacitor͒ can be responsible. We should point out that our measurement technique and data analysis procedure are quite similar to the standard approaches used for conductivity determination. We determine the magnitude and phase angle of the impedance of the ionic liquid over a broad frequency range and calculate directly from these values the real and imaginary parts of the dielectric permittivity. The advantage of this alternative representation of the impedance data is that the regions where the conductivity should be determined are directly visible, as is the influence of the electrode polarization. In fact, determination of the conductivity by fitting a straight line through the imaginary part of the dielectric permittivity is easier than, for example, a determination based on a Nyquist plot of the impedance, where an extrapolation has to be made. 4 In Fig. 2 , an overview of the conductivity values obtained for all the ͓C n mim͔͓BF 4 ͔ ILs as a function of temperature is shown. The values of decrease with increasing chain length. As the conductivity is related to the mobility of the charge carriers, this can be explained by the higher viscosity induced by the stronger van der Waals interactions between the longer alkyl chains and by the larger cation size. Also, a longer alkyl chain results in a larger volume fraction of the neutral hydrocarbon part of the organic cation.
It appears that the ͓C n mim͔͓BF 4 ͔ ILs are glassforming systems. Therefore, the conductivity data were fitted to the empirical VFT equation, which usually describes the tem- 
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Imidazolium ionic liquids conductivity J. Chem. Phys. 128, 064509 ͑2008͒ perature dependence of the structural relaxation time and the electrical conductivity of supercooled liquids quite well. It also allows us to obtain information about the fragility of these systems and other parameters related to glassy behavior. The results of the fitting are summarized in Table III . The VFT law has been fitted through the data points in its linearized form
where B describes the temperature dependence of in the high temperature limit and T 0 is the Vogel temperature. The determination of the fragility m, which is calculated by 32 m = B 2.303
requires in this form not only the knowledge of the VFT fit parameters but also of the glass transition temperature T g . In the case of dielectric relaxation times, it is a common practice to define T g as the temperature at which the relaxation time is 100 s. However, to our knowledge, there exists no such criterion for the conductivity values. Nevertheless, we have used an ad hoc value of ͑T g ͒ =10 −12 S / m to extract a glass transition temperature T g from the conductivity data.
The validity of our definition for the samples under investigation is confirmed by Fig. 3 This value ͑T g ͒ =10 −12 S / m should be considered as an ad hoc value for the ͓C n mim͔͓BF 4 ͔ series. It will, for example, not be correct for the case of ͓C 6 mim͔Br. We think that future work might show that the value proposed here is, in fact, a translation of a rule of thumb for the orientational relaxation times, which states that ͑T g ͒Ϸ10
−16
ϱ , where ϱ is the high temperature limit of the relaxation time, i.e., the prefactor in the VFT law. ϱ typically takes values of around 10 −13 s, and this results then in the value of 100 s for ͑T g ͒ cited above. It is not unlikely that a corresponding relationship can be established for the relation between ͑T g ͒ and ϱ ; however, we would like to acquire a broader data set to make such analysis.
The value for T g has been used for the calculation of the data points in the inset of Fig. 2 . The fragility m itself is presented in the inset of Fig. 3 . These values were calculated with Eq. ͑2͒ while using T g DSC . Since ͓C 2 mim͔͓BF 4 ͔ could not be fitted with a single VFT expression and since ͓C 10 mim͔͓BF 4 ͔ and ͓C 11 mim͔͓BF 4 ͔ crystallized, no values for the fragility are given for those three compounds.
The VFT parameters show some interesting dependences on the alkyl chain length. First of all, if we look at the values of the prefactor ϱ , we see that the decreasing trend in the room temperature electrical conductivity is also reflected in the decreasing values of this parameter. The values of B are globally increasing with the chain length. This is essentially the same trend as the decreasing fragility with chain length and will be discussed below. The Vogel temperatures T 0 for the ͓C n mim͔͓BF 4 ͔ ILs are rather constant at around 147 K. However, these trends break down for ͓C 10 mim͔͓BF 4 ͔ and ͓C 11 mim͔͓BF 4 ͔. This is a consequence of the crystallization of these compounds, as it means that the data set over which we fit the VFT law is seriously limited and lies at higher temperatures than for the other compounds. For the other series, ͓C 6 The tendencies that we found for n =2-9 break down for n = 10 and 11. The increasing length of the alkyl chain apparently favors crystallization over supercooling and glass formation. This may be explained by the higher mobility of the shorter alkyl chain; however, such discussion is outside the scope of this paper.
Since the behavior of all investigated ILs ͑except for ͓C 2 mim͔͓BF 4 ͔͒ in this homologous series can be fitted with a single VFT curve, all compounds can be well characterized by a limited set of parameters, i.e., the VFT parameters ϱ , B, and T 0 , which allow the determination of T g and m. Xu et al. 8 have already discussed in detail the influence on the VFT behavior of the IL anion. In their analysis, while interpreting Walden's rule and the Debye-Einstein relation to link electrical conductivity to molecular diffusivity and viscosity, the value of T g was associated with the cohesive force between the ions, which turns out to be mainly determined by the molecular volume. At low molecular ͑or equivalently, molar͒ volumes, this force is dominated by attractive Coulomb forces between ions, which decreases with increasing molar volume. At larger molar volumes ͑Ͼ250 cm 3 / mol͒, van der Waals forces start to dominate, leading to an increasing value of T g with molar volume. The series of samples investigated here, where the molar volume of the slowest ion ͑and, thus, most important for the overall ionic diffusivity͒ increases with the increasing length of the alkyl chain attached to the cation, can be situated in the latter range and indeed follows the earlier observed trend of significantly increasing T g values. Thus, via the influence on cohesive forces and the value of T g , in the van der Waals regime, the alkyl chain plays an important role in the molecular mobility and, thus, electrical conductivity. On the other hand, the homologous series shows a quite weak decrease of fragility with increasing alkyl chain length. The fragility values lie at around 70, which is an intermediate value compared with other glass formers. The relation between molecular parameters and fragility is not yet well understood. However, it is known for ILs that the fragility, which is closely connected with the morphology of the energy landscape and cooperativity of network rearrangements, 33 depends very strongly 8 on local interionic Coulomb forces. In this case, these dominantly occur between the small BF 4 anion and the imidazolium part of the cation and are thus only indirectly influenced by the alkyl chain. The relation found here between fragility and T g goes somehow against the increasing trend observed by Qin et al. 34 for organic ionic glasses, which was, however, quite scattered.
To verify how important the influence of the anion is on the fragility, we also studied a short series of ionic liquids in which different anions were combined with a ͓C 6 mim͔ + cation. In the series, the anion size increases from a single bromide to the large ͓FAP͔ − ion. The results are presented in Fig. 4 and in Table III . The room temperature conductivity values and the fragility for ͓C 6 mim͔͓BF 4 ͔, ͓C 6 mim͔͓Tf 2 N͔, and ͓C 6 mim͔͓FAP͔ are quite alike, while the significantly lower conductivity value and the significantly higher value of the fragility for ͓C 6 mim͔Br are an exception in this series.
The fragility of the ionic liquid ͓C 6 mim͔Br is much larger than the fragility of the ionic liquids with fluorinated anions. This anomaly can be explained by the fact that the bromide ion is able to form strong hydrogen bonds with the hydrogen atoms of the imidazolium cation. 35, 36 The interionic forces lead to the formation of a hydrogen-bonded network and, thus, to a higher fragility. The presence of this network also makes it more difficult for the ions to move through the sample, causing the much lower conductivity. The fluorinated anions have a lower charge density because the negative charge is spread over a much large volume. The interaction of these anions with the imidazolium cation is much weaker than the interaction between the bromide anion and the cation. The results also suggest that ͓C n mim͔͓FAP͔ ILs, with n = 1, 2, and 3, could be good candidates for a high room temperature electrical conductivity. In view of the technological interest in such ILs, we will also investigate multivalent ions in the future.
IV. CONCLUSION
We have studied the glassforming behavior of two series of ionic liquids, namely, the 1-alkyl-3-methylimidazolium tetrafluoroborate ionic liquids with varying chain length and the 1-hexyl-3-methylimidazolium ionic liquids with varying anion, by an analysis of the electrical conductivity of these systems.
The glass transition temperatures increase with increasing alkyl chain length in the first series; until for n = 10, the glass transition is replaced by a crystallization. Analysis of the electrical conductivity values and their VFT fits shows a decreasing conductivity with chain length, reflecting reduced mobility of the ions. The value of T 0 is rather constant in this series. The B fitting parameters show an increase with chain length. In the series with varying anion, glass transition temperatures are rather constant. Most parameters are comparable for the different compounds, except for 1-hexyl-3-methylimidazolium bromide.
In the series with varying chain length, we observe a decreasing fragility with chain length, which can be understood from the fact that the van der Waals forces between the molecules increase with chain length. The variation of the fragility in the series with varying anion is rather limited, except for 1-hexyl-3-methylimidazolium bromide, where the presence of hydrogen bonds changes the interionic interaction and also the fragility. 
